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Crystal Structure of the Functional
Unit of Interphotoreceptor Retinoid
Binding Protein
retinoid transport in the visual cycle [8, 9]. Although
these mice may use alternative carriers, such as albumin
[10, 11], for matrix-retinoid transport, the role of IRBP
in vision should be reevaluated. Finally, although IRBP
mutations occur in patients with retinal degenerations,
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The generation of IRBP crystals has been hamperedDepartment of Ophthalmology
and Pathology (Neuropathology) by the large size of IRBP- (145 kDa in bovine), glycosyla-
tion-, and ligand-dependent conformational states.University of Virginia Health Sciences Center
Charlottesville, Virginia 22908 These problems have been recently circumvented by
focusing on the individual modules, or repeats, of IRBP
expressed in soluble form in E. coli [12]. Mammalian,
avian, and amphibian IRBPs consist of four contiguousSummary
modules, each300 amino acid residues in length. Each
module appears to represent a functional unit of theInterphotoreceptor retinoid binding protein (IRBP), the
major soluble component of the interphotoreceptor protein [13–18]. Here, we report the structure of such a
functional unit, module 2 of Xenopus laevis IRBP (here-matrix, is critical to the function, integrity, and devel-
opment of the vertebrate retina. Although its role is after referred to as X2IRBP).
poorly understood, IRBP has been thought to protect
11-cis retinal and all-trans retinol while facilitating Results and Discussion
their exchange between the photoreceptors and reti-
nal-pigmented epithelium. We determined the X-ray The Structure
X2IRBP is an elongated 77  55  25 A˚ monomericstructure of one of the functional units, or modules,
of Xenopus laevis IRBP to 1.8 A˚ resolution by multi- molecule consisting of two domains (Figures 1A and
1B) separated by a large mostly hydrophobic cleft. Thewavelength anomalous dispersion. The monomeric
protein consists of two domains separated by a hy- N-terminal 79 residues, which form a three-helix bundle
followed by a small  strand, are termed domain A. Thisdrophobic ligand binding site. A structural homology
to the recently solved photosystem II D1 C-terminal- domain is connected through a disordered linker to the
C-terminal domain B.processing protease and the enoyl-CoA isomerase/
hydratase family suggests the utility of a common fold Domain B contains a large six-stranded, mixed sheet
with four helices packing against one side and a fifth,used in diverse settings, ranging from proteolysis to
fatty acid isomerization to retinoid transport. C-terminal helix packing against the other side. A
smaller second sheet is formed by four antiparallel 
strands that extend from domain B to domain A, formingIntroduction
an open, mostly hydrophobic cleft between the two do-
mains. Finally, extensions of the fifth strand of the largeThe major soluble protein component of the subretinal
space in all vertebrates is a lipoglycoprotein, termed sheet and the third strand of the small sheet together
with the small  strand of domain A form a three-interphotoreceptor retinoid binding protein (IRBP).
IRBP, which is uniquely secreted by the rods and cones, stranded anti-parallel  sheet, which packs against the
N-terminal three-helix bundle. A stereo view of the finalis critical to the function [1], integrity [2], and develop-
ment [3] of the retina. Within the interphotoreceptor ma- 2Fo  Fc electron density map showing a portion of the
hydrophobic cleft is shown in Figure 1C.trix, IRBP is thought to mediate interactions between the
neural retina and the retinal pigment epithelium (RPE) [4,
5]. Most studies into its function have focused on the Structural Similarity to D1P Protease
and Dienoyl-CoA Isomerasevisual cycle trafficking of 11-cis retinal and all-trans reti-
nol between the photoreceptors and the RPE. Here, X2IRBP is structurally similar to domains A and C of
photosystem II D1 C-terminal-processing proteaseIRBP has been thought to promote the exchange of
these retinoids by facilitating their diffusion through the (D1P) [19] (Figure 2). D1P contains both the N- and
C-terminal X2IRBP domains, but has, in addition, a PDZaqueous environment of the matrix, targeting the deliv-
ery of all-trans retinol to the RPE, promoting the release domain [20] inserted in the disordered linker region in
X2IRBP (Figure 2A). Overall, the structures match veryof 1l-cis retinal from the RPE, and protecting these reti-
noids from degradation [1, 6, 7]. Interestingly, transgenic poorly (rms of 6.0 A˚, 174 C atoms involved) with a large
offset of domain A by approximately 20 (Figure 2B).mice lacking IRBP show no reduction in the rate of
3 Correspondence: andreas.loew@abbott.com Key words: interphotoreceptor matrix; interphotoreceptor retinoid
binding protein; IRBP; crystal structure; retina; crotonase; C-termi-4Present address: Abbott Bioresearch Center, Inc., 100 Research
Drive, Worcester, Massachusetts 01605. nal processing protease
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Figure 1. Overall Structure of the Second
Module of Xenopus IRBP and Representative
Electron Density
(A) Ribbon diagram of Xenopus IRBP
(X2IRBP). Helices are shown in light red, and
 strands are in yellow. The disordered loop
region, which is between residues 73 and 78,
is marked by arrowheads.
(B) Stereo diagram of the C trace of X2IRBP.
Every 20th residue and the N and C termini
are labeled.
(C) Stereo diagram of the final electron den-
sity in putative hydrophobic ligand binding
site 1 contoured at 1.5.
However, if the two domains of X2IRBP are separately in spite of peripheral insertions/deletions. However,
none of the catalytic residues of the crotonase familysuperposed with domains A and C of D1P, the structures
match very well with a rms of 1.8 A˚ (174 C atoms). appear to be conserved in IRBP. This unexpected topo-
logical similarity was not predicted by sequence align-Although the sequence similarity between IRBP and D1P
was known [17, 21], the high homology of the N-terminal ments.
Enoyl-CoA hydratase/isomerase, which are alsodomain was not previously recognized and is only re-
vealed through the structural comparison. Nevertheless, known as the crotonase family, have a low sequence
identity, but adopt the same overall fold [26]. Both croto-X2IRBP exhibits no D1P-like protease activity (B. Diner,
personal communication). A structure-based sequence nases and CTPases utilize the  spiral fold to stabilize
unique ligands. In the case of CTPases, such as D1P,alignment of all four modules of Xenopus laevis IRBP
with D1P is shown in Figure 2C. the fold is used to stabilize the hydrophobic C-terminal
end of its substrate. Substrate binding is mediatedA surprising structural homology was revealed when
the coordinates of X2IRBP were subjected to a three- through the presence of an additional PDZ domain [27].
This specific domain, which supports proteolytic activ-dimensional database search using the program DALI
[22]. The C-terminal domain B of X2IRBP and domain C ity, is not present in either IRBP or the crotonases.
In the case of dienoyl-CoA isomerase, the fold confersof D1P exhibit a significant, although weaker, structural
homology with the enoyl Co-A hydratase/isomerase su- an ability to isomerize fatty acids to allow entry into the
-oxidation pathway. Although the role of the hydratase/perfamily, as represented by the known structures of
dienoyl-CoA isomerase [23], 4-chlorobenzoyl-CoA de- isomerase fold in IRBP is unknown, the homology sug-
gests that the critical role of IRBP in the vision mayhydrogenase [24], and enoyl-CoA hydratase [25]. Figure
3A is a stereo diagram showing the superposition of be to prohibit vitamin A from isomeric and oxidative
degradation. This hypothesis is consistent with bio-X2IRBP with 2-enoyl-CoA hydratase in complex with
aceto-acetyl CoA (rms of 3.3 A˚ with 132 C atoms chemical studies [28] and the photoreceptor degenera-
tion seen in transgenic mice lacking IRBP [2].aligned). As evident from this figure, X2IRBP shares with
these enzymes a structural core composed of three heli- By electron microscopy, native bovine IRBP, which
is composed of four modules, is a flexible elongatedces and the large 5-stranded  sheet in domain B. These
elements are arranged in a topological identical order molecule 240  30 A˚–40 A˚ bending 60 upon all-
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Figure 2. Comparison of X2IRBP and Photosystem II D1 C-Terminal-Processing Protease (D1P)
(A) Cartoon diagram of D1P. Helices are shown as purple cylinders and strands are shown as yellow arrows.
(B) Least square superposition of X2IRBP (blue) with D1P (yellow). Note the 20 offset of domain A in D1P compared to that in X2IRBP
(curved arrow).
(C) Structure-based sequence alignment of the translated amino acid sequence of each of the four Xenopus IRBP modules with D1P. The
N-terminal 22 amino acid residues corresponding to the Xenopus IRBP signal peptide are not shown. Secondary structure elements are shown
in purple (helices), yellow (strands), and black (loops). Residues identical in all four modules of Xenopus IRBP (excluding D1P) are marked
with asterisks. Conserved tryptophan residues present in the putative binding sites (Trp-135 and Trp-272) are marked with red asterisks. The
cDNA sequence of Xenopus IRBP is available through the European Bioinformatics Information, GenBank, and DDBJ Nucleotide Sequence
databases under accession number X95473 and sequence identification XLIRBP.
trans retinol binding [29]. These measurements agree CoA hydratase complexed with octanoyl-CoA. The
with the length of X2IRBP, which is 77 A˚, approximately bound octanoyl-CoA was transferred from the cocrystal
one-fourth that of native IRBP. Furthermore, superposi- with 2-enoyl-CoA hydratase to the equivalent position in
tion of X2IRBP with D1P shows an 20 offset between the structure of X2IRBP. Interestingly, this superposition
domain A of X2IRBP and domain A of D1P (Figure 2B). places the ligand between the two domains of X2IRBP.
In addition, the linker connecting domains A and B of Furthermore, an equivalent superposition of 2-enoyl-
X2IRBP is largely disordered. Together, these facts sug- CoA hydratase with D1P protease also places the ligand
gest a structural rearrangement of domain A versus B into the known active site of D1P (data not shown).
upon ligand binding consistent with previous electron Although the catalytic residues and the function be-
microscopy studies. tween the crotonase superfamily and CTPs are not con-
served, the location of the substrate binding pocket is
conserved. It is therefore conceivable that, due to theLigand Binding Site
structural homology between X2IRBP and both croto-The active site of the crotonases is known, but the ligand
nases and CTPs, at least one binding site in X2IRBP willbinding site of X2IRBP is still biochemically uncharacter-
be located in the large cleft between domains A and B.ized. However, the superposition of X2IRBP with mem-
Further evidence for this is derived from a hydropho-bers of the crotonase superfamily can be used to deduce
bicity surface map of X2IRBP, which reveals two poten-the potential ligand binding site. Figure 3A is a stereo
diagram of the superposition of X2IRBP with 2-enoyl- tial retinoid binding sites (Figure 3B). Site 1 is located
Structure
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Figure 3. Putative Ligand Binding Sites of
X2IRBP
(A) Ribbon stereo diagram of X2IRBP (shown
in yellow) superposed with 2-enoyl-CoA hy-
dratase (blue) in complex with octanoyl-CoA
(red). The bound ligand of 2-enoyl-CoA hy-
dratase was transferred from the 2-enoyl-
CoA hydratase/octanoyl-CoA structure to the
equivalent position in X2IRBP. The fatty acid
portion of the ligand binds to the hydrophobic
site 1, as identified in Figure 3b.
(B) Hydrophobicity surface representation,
where white represents high hydrophobicity
and blue high hydrophilicity. The arrowhead
identifies a shallow hydrophobic binding cleft
between domains A and B, the putative first
binding site (site 1). The arrow identifies a
cavity located in a hydrophobic patch that
leads to the potential second binding site
(site 2).
in the large shallow cleft between domains A and B and residues suggests that this cluster may represent a po-
tential interaction site with a thus far unidentified proteinoverlaps with site deduced by structural comparison
with 2-enoyl-CoA hydratase. Site 2 is formed by a deep component of the interphotoreceptor matrix.
narrow cavity, opening to a hydrophobic patch on the
surface of domain B. No potential binding site was Biological Implications
observed within domain A. X2IRBP binds 1.57  0.041
and 1.49  0.15 molecules of all-trans retinol and Interphotoreceptor retinoid binding protein (IRBP) has
9-(9-anthroyloxy) stearic acid, respectively, with KDs in been implicated in the transport or buffering of visual
the 0.1 M range [12], suggesting the presence of more cycle retinoids, binding of fatty acids, and interaction
then one binding site within the molecule. Furthermore, with other matrix components. The relationship between
binding studies using a truncated module have shown its ligand binding properties and its function in the retina
that both sites are restricted to domain B [17]. Both sites is not yet understood. To understand the molecular ba-
contain a conserved tryptophan residue (Trp135 and sis of its function, structure determination of this impor-
Trp272 in X2IRBP), which is consistent with quenching tant protein is imperative. IRBP is a large (135 kDa)
of protein fluorescence upon ligand binding [17]. glycolipoprotein, which consists of four homologous
modules, each about 300 amino acid residues in size.
Ligand binding activity is contained within each of thePossible Protein Binding Site
Previous sequence alignments have called attention to four separate modules. The structure of a single module
of IRBP, the apparent minimal functional unit of theregions highly conserved between each of the modules
of teleost, amphibian, and mammalian IRBPs [13,17]. protein, is presented. The structure indicates that IRBP
employs a fold common to carboxy-terminal-processingInterestingly, most of these residues are located on the
solvent-exposed surface of the large  sheet in domain proteases and the crotonase family. This homology and
molecular docking studies suggest that at least one ofB (Figure 4). The presence of both basic and acidic
IRBP Structure
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Table 1. Data Collection, Phasing, and Refinement Statistics
Space group P212121
Unit cell a 	 62.90 A˚, b 	 65.74 A˚, c 	 68.06 A˚
Unique
Data Set 
 (A˚) Dmin (A˚) Reflections Redundancy Completeness (%)a I/ Rsym (%)b
SeMet 
1 0.9777 2.0 19,856 3.5 99.7 (98.7) 5.0 (2.0) 7.3 (44.5)
SeMet 
2 0.9790 2.0 19,851 3.5 99.7 (98.8) 4.9 (2.1) 8.4 (41.8)
SeMet 
3 0.9793 2.0 19,898 3.5 99.7 (99.0) 4.9 (2.0) 10.4 (40.8)
MAD Difference Ratios (40.0–2.0 A˚)c Anomalous Scattering Factors

1 
2 
3 f (e) f″ (e)

1 0.060 0.034 0.028 4.53 3.70

2 0.070 0.036 6.67 5.14

3 0.068 9.83 3.23
Figure of Merit (FOM)d SOLVE RESOLVE
0.24 0.55
Space group P212121
Unit cell a 	 63.14 A˚, b 	 65.76 A˚, c 	 68.17 A˚
Unique
Data Set 
 (A˚) Dmin (A˚) reflections Redundancy Completeness (%) I/ Rsym (%)
Native 0.9090 1.8 26,579 4.1 99.9 (99.8) 8.4 (2.1) 6.5 (49.5)
Wilson’s B factor 34.56 A˚2
Refinement
Resolution range for refinement 20.0–1.8 A˚
Number of protein atoms 2485
Number of water atoms 145
Rmsd bond lengths 0.005 A˚
Rmsd bond angles 1.234
Rworke 20.6%
Rfreef 23.0%
Average B factor 27.6 A˚2
a Numbers in parentheses correspond to the last resolution shell.
b Rsym 	 hi|Ii(h)  I(h)|/hIi(h), where Ii(h) and I(h) are the ith and mean measurements of the intensity of reflection h.
c MAD difference ratios are(|F|)21/2/(|F|)21/2, where|F| is the dispersive (off-diagonal elements), or Bijvoet difference (diagonal elements).
d Figure of merit is defined as φP (φ) exp (iφ) dφ}/φP (φ) dφ}.
e Rwork 	 h||Fobs(h)|  |Fcalc(h)||/h |Fobs(h)|, where Fobs(h) and Fcalc(h) are the observed and calculated structure factors, respectively.
f Rfree is the R value obtained for a test set of reflections consisting of a randomly selected ten.
peak (0.9790 A˚), and high-energy remote (0.9777 A˚). A second singlethe ligand binding sites is located in the hydrophobic
wavelength selenomethionine data set was measured at 100 K atgroove between domains A and B.
beamline A1 at a wavelength of 0.9090 A˚. This dataset was recorded
in 1 oscillation steps at 45 s/frame over a 104 range. DiffractionExperimental Procedures
data were reduced using the HKL software package [31]. The MAD
data sets were scaled but not merged (option “no merge originalCrystallization
index” in Scalepack). Local scaling was performed within SOLVEProtein expression and purification of the Xenopus laevis module 2
version 1.17 as part of the phasing procedure [32].will be published elsewhere [12]. Initial crystallization conditions
were obtained using a sparse matrix screen [30]. Single crystals
were grown at 4C using the hanging drop vapor diffusion method Structure Determination and Refinement
Automatic structure determination, as implemented in the programfrom 100 mM Tris-HCl (pH 8.5), 200 mM MgCl2, and 20% PEG 8000.
Crystals appeared within 2–3 days and grew to a maximal size of SOLVE version 1.17, was used to locate selenium atoms and com-
pute MAD phases. The estimated values of anomalous scattering500  100  100 m. For cryoprotection, the crystals were soaked
for 10 min in 100 mM Tris-HCl (pH 8.5), 200 mM MgCl2, 40% PEG factors f and f were refined by SOLVE version 1.17. Three out of
four selenium sites in the asymmetric unit were found. MAD phasing8000, and 10% glycerol and then flash frozen in liquid propane. The
crystals belong to space group P212121 with cell constants a 	 computations were carried out automatically using SOLVE version
1.17 with all three MAD data sets. The program RESOLVE was used62.90 A˚, b 	 65.74 A˚, and c 	 68.06 A˚. The calculated Matthew’s
coefficient of 2.06 A˚3/Da is consistent with one molecule per asym- to employ density modification by maximum likelihood methods
(with estimated 42% solvent content), thereby increasing the FOMmetric unit.
to 0.55. The resulting map was of excellent quality. Initial model
building was performed using the program O version 6.1.0 [33].Data Collection and Processing
MAD data sets were collected on a selenomethionine derivatized Several secondary structure elements were placed in the density
and refined in REFMAC [34]. The resulting phase-recombined mapprotein at beamline F2 at CHESS (Cornell, Ithaca) using an ACSD
Quantum 4 CCD detector at 100 K (Table 1). The diffraction data was of a good enough quality to use an automated refinement proce-
dure as implemented in WARP/ARP [35] for further refinement. Afterwas recorded in 1 oscillation steps at 30 s/frame over a 190 range.
Data were measured at three wavelengths: inflection (0.9793 A˚), one round of automated refinement, the model was traced to about
Structure
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Figure 4. Ribbon Representation of Con-
served Residues in IRBP
The locations of residues identical between
the repeats of Xenopus, zebrafish, and hu-
man IRBPs are designated blue. The ribbon
diagram is rotated90 around the horizontal
axis compared with the standard view in Fig-
ure 1. The solvent-exposed surface of the
large  sheet of domain B contains the major-
ity of these highly conserved residues.
85%. Manual fitting of connecting loops and further refinement of the gene for interphotoreceptor retinol-binding protein during
photoreceptor differentiation suggests a critical role for the in-yielded the final model. However, no density was found for residues
terphotoreceptor matrix in retinal development. J. Cell Biol. 111,73–78. The final model consists of residues 1–72 and 79–303 and
2775–2784.145 water molecules. The disordered loop region 73–78 has been
4. Bok, D. (1993). The retinal pigment epithelium: a versatile partnerincluded in the final model, but was excluded from the calculation
in vision. J. Cell Sci. Suppl. 17, 189–195.of the electron density map. Stereochemical analysis indicates that
5. Mieziewska, K. (1996). The interphotoreceptor matrix, a space89.9% of the residues fall in the most favorable regions of φ,
in sight. Microsc. Res. Tech. 35, 463–471.conformational space and that only residue Thr-216 adopts a disal-
6. Crouch, R.K., Chader, G.J., Wiggert, B., and Pepperberg, D.R.lowed conformation (interestingly, the corresponding residue Ser-
(1996). Retinoids and the visual process. Photochem. Photobiol.372 in D1P is implicated in catalysis and also adopts a disallowed
64, 613–621.conformation).
7. Saari, J.C. (1994). Retinoids in photosensitive systems. In The
Retinoids: Biology, Chemistry and Medicine, Sporn, M.B., Rob-Structure Comparison
erts, A.B., and Goodman, D.S., eds. (New York: Raven Press),C superposition of X2IRBP and D1P domains was performed using
pp. 351–385.pairs of equivalent C atoms by program O version 6.1 [33]. Coordi-
8. Ripps, H., Peachey, N.S., Xu, X., Nozell, S.E., Smith, S.B., andnates of D1P were obtained from Protein Data Bank (entry 1FC6).
Liou, G.I. (2000). The rhodopsin cycle is preserved in IRBPPrediction of structural related neighbors was done using the pro-
“knockout” mice despite abnormalities in retinal structure andgram DALI [21].
function. Vis. Neurosci. 17, 97–105.
9. Palczewski, K., Van Hooser, J.P., Garwin, G.G., Chen, J., Liou,Coordinates
G.I., and Saari, J.C. (1999). Kinetics of visual pigment regenera-The atomic coordinates have been deposited in the Protein Data
tion in excised mouse eyes and in mice with a targeted disrup-Bank (accession code 1J7X).
tion of the gene encoding interphotoreceptor retinoid-binding
protein or arrestin. Biochemistry 38, 12012–12019.Acknowledgments
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